Introduction {#sec1}
============

Penicillin G (PenG) is one of the most important industrial pharmaceutical products. This antibiotic is not only used directly to fight bacterial infections but also as a raw material to produce other β-lactam antibiotics.^[@ref1]^*Penicillium chrysogenum* is the usual fungus employed for PenG production under strictly aerobic cultivation. The recovery process is based on liquid extraction from the fermentation broth,^[@ref2]^ commonly using solvents such as butyl acetate. Despite being a well-established process with important historic developments,^[@ref1]^ there is still much room for improvement of the process, especially considering the downstream operations.

The liquid extraction method has a number of drawbacks, including high product losses,^[@ref3]^ toxicity, the risk of product contamination, and volatility/flammability of the solvent. Furthermore, the product should ideally be continuously removed from the fermentation process (extractive fermentation), as a way to improve productivity and yield;^[@ref4],[@ref5]^ although in practice, this is not done, largely due to the volumes of solvent required and regulation restrictions. Despite these problems, this method is still employed in the industry since it is cheap and efficient.

Recent research efforts have been made to find alternatives to organic solvents for the separation process. Liu et al.^[@ref6]^ proposed extraction with a hydrophobic ionic liquid instead of organic solvents, achieving an extraction efficiency of 91% at pH 1.5--2. Other proposed methods for extraction include polymers in aqueous two-phase systems,^[@ref7]−[@ref9]^ solvent sublation,^[@ref10]^ and filtration using a membrane or microfiltration.^[@ref11]−[@ref13]^ However, there are no reports of practical industrial applications of the latter methods.

Hydrophobic adsorption is a relatively simple process that is extensively used industrially and in environmental cleanup procedures.^[@ref5],[@ref14],[@ref15]^ In this technique, desorption of the antibiotic may be performed with an environmentally friendly solvent. The process can be adapted and scaled-up for running in a cyclic batch column system, in parallel with the production of PenG, hence enabling simultaneous production and extraction. Furthermore, the process can be automated for continuous removal of PenG from the fermentation broth. In order to favor the hydrophobic extraction of PenG, the pH of the broth must be decreased to 2--4 so that the hydrophobicity of the antibiotic is increased.

Grzegorczyk and Carta^[@ref16]^ investigated the adsorption of PenG and amino acids using different polymeric hydrophobic adsorbents. However, the effects of pH, temperature, and fermentation impurities on the adsorption of PenG were not evaluated. Lee et al.^[@ref17]^ obtained isotherms for the adsorption of PenG by XAD-4 and XAD-16 but did not evaluate the influence of temperature, solvent, or pH on PenG adsorption. Nonetheless, their results showed that the adsorption of PenG was more favorable compared to other compounds including cephalosporin C.

The study of adsorption applied to PenG is a complex task due to the chemical nature of the molecule, which requires finding a balance between adsorption and stability. The p*K*~a~ of the acid group in the Penicillin G molecule is around 2.7,^[@ref18]^ so its average affinity for hydrophobic adsorbents increases when the pH decreases since there is a greater quantity of neutral species present in the solution. However, the stability of this penicillin is much higher at neutral pH than at low pH.^[@ref19]−[@ref22]^ Therefore, the efficiency of the adsorption process is expected to be a trade-off between the yield and the integrity of the antibiotic.

Most of the reported studies have focused on theoretical and general aspects of the adsorption of PenG by non-ionic polymeric sorbents. However, the chemical complexity of the fermentation broth may negatively affect the adsorption capacity. For this reason, assays using the real medium are essential as a strategy for ensuring a more reliable approach to the problem. Moreover, the effects of process variables were not evaluated, the degradation of PenG was not taken into consideration, and results with changes of pH during the process were not reported.

In the present work, the aim was to investigate the use of hydrophobic resins to separate Penicillin G from a typical fermentation broth, examining its unexplored potential and evaluating the most important variables by means of batch processes. Assessment was first made of the influence of temperature and pH on the integrity of the antibiotic. Having selected appropriate operational conditions, evaluation was made of the performances of different resins and the effects of pH and temperature on the adsorption efficiency and the integrity of the molecule. In view of the results obtained, several possible approaches for performing the adsorption were identified and evaluated.

Finally, assessment was made of the use of ethanol--water to desorb the PenG in order to recover the product and regenerate the adsorption resin. This desorption process possibility has not previously been explored, to the best of our knowledge. Ethanol is a relatively cheap solvent that can be considered environmentally friendly due to its global production using bioprocesses ("biosolvent") and offers good safety and health aspects.^[@ref23],[@ref24]^ Furthermore, it presents low toxicity^[@ref25],[@ref26]^ and should not cause any deleterious health consequences if present in trace amounts in products.

Results and Discussion {#sec2}
======================

Stability of PenG in Unbuffered Aqueous Solutions at Different pH Values and Temperatures {#sec2.1}
-----------------------------------------------------------------------------------------

Preliminary assays were performed to evaluate the stability of PenG in aqueous solution, varying the pH from 2 to 7.0. The PenG processing usually occurs at the lowest possible temperature. Typical values are in the range of 0--5 °C.^[@ref3]^ For the sake of comparison, the stability was assessed at 4 and 12 °C. The initial and final (after 60 min of incubation) PenG concentrations were determined. The results ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) showed that at 4 °C, there were no losses of PenG at pH from 3.0 to 7.0, while losses of around 5 and 40% occurred at pH 2.5 and 2, respectively. At 12 °C, there were losses of around 10, 30, and 60% at pH 3.0, 2.5, and 2, respectively.

###### Percentage of PenG Remaining in the Medium after 60 min of Incubation at pH Values from 2 to 7, at 4 and 12 °C

  temp.   pH 2.0       pH 2.5       pH 3.0        pH 4.0        pH 5.0        pH 7.0
  ------- ------------ ------------ ------------- ------------- ------------- -------------
  4 °C    62.5 ± 2.8   95.8 ± 2.0   100.0 ± 3.4   100.0 ± 3.0   100.0 ± 5.4   100.0 ± 8.1
  12 °C   39.0 ± 1.6   71.4 ± 1.5   90.2 ± 3.9    100.0 ± 4.5   100.0 ± 7.8   100.0 ± 6.5

These results, which showed that the stability of PenG decreased with decrease of pH and increase of temperature, were in agreement with previous data reported in the literature.^[@ref19],[@ref20]^

The degradation of PenG in aqueous solution is reported to begin with opening of the β-lactam ring and formation of penicillenic acid. The molecule formed is an intermediate for a broad range of products but does not present antibacterial activity.^[@ref19],[@ref21]^ It has also been reported that PenG is more stable in buffered solutions due to the pH control.^[@ref20],[@ref21]^ In the present work, the unbuffered condition was chosen to represent the worst-case scenario. The results obtained showed that pH 4.0 was an important point marking increased stability. For each condition, determination was then made of the longest adsorption time that could be used in batch runs, without PenG degradation. The results are shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

###### Longest Time before any Detectable PenG Degradation in a Solution under Different pH Values and Temperatures[a](#t2fn1){ref-type="table-fn"}

  temp.   pH 2.0   pH 2.5   pH 3.0   pH 4.0   pH 5.0   pH 7.0
  ------- -------- -------- -------- -------- -------- --------
  4 °C    2 min    15 min   1 h      1 h      1 h      1 h
  12 °C   2 min    2 min    4 min    1 h      1 h      1 h

Maximum of 60 min assay.

Influence of the Adsorbent and pH {#sec2.2}
---------------------------------

Considering the results shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, the influence of pH and the adsorbent was evaluated performing replicate PenG adsorption assays using different adsorbents, during 1 h, at pH 4 to 7. All discussions about these materials should take into account that the applied resins have low surface functionality, different polarities, and low net surface charge for a wide range of pH.^[@ref27]−[@ref29]^

Related to the pH influence, the results ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}) indicated that the highest efficiencies were obtained at pH 4. This result was expected since the carboxyl p*K*~a~ value for PenG (∼2.7) implied the presence of a higher number of neutral PenG molecules with greater affinity for the hydrophobic resins.

###### Percentage of PenG Adsorbed in Different Adsorbents at Different pH Values during 1 h Batch Assay at 4 °C

  adsorbent   pH 4            pH 5            pH 6
  ----------- --------------- --------------- ---------------
  XAD-4       (44.0 ± 2.3)%   (39.9 ± 1.5)%   (36.2 ± 2.6)%
  XAD-7       (39.3 ± 1.9)%   (35.8 ± 2.2)%   (32.1 ± 1.2)%
  XAD-761     (31.1 ± 2.1)%   (28.5 ± 3.1)%   (25.2 ± 2.1)%

XAD-4 is the most hydrophobic and has the highest surface area among the three evaluated resins.^[@ref30]−[@ref43]^ Consequently, at all pH values, the highest yields were obtained with XAD-4 followed by XAD-7 ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). XAD-4 is frequently used to adsorb organic compounds due to the aromatic nature of its surface, mainly from polar solvents.^[@ref34],[@ref36],[@ref40],[@ref41]^ Therefore, it was expected that the presence of the aromatic phenyl groups in PenG and XAD-4 would lead to the best adsorption results. The aliphatic nature of XAD-7 allows it to adsorb non-polar compounds from aqueous systems and polar compounds from non-polar solvents.^[@ref37],[@ref40],[@ref41],[@ref43],[@ref44]^ XAD-761 has a partial hydrophilic nature due to the phenolic hydroxyl and methoxyl groups in its surface.^[@ref34],[@ref35],[@ref38],[@ref40],[@ref41]^ The surface area may account for the difference between XAD-7 and XAD-761 ([Table [8](#tbl8){ref-type="other"}](#tbl8){ref-type="other"}). Under these tested pH conditions, Amberlite XAD-4 was the best adsorbent for PenG among the solids evaluated and was then selected to be used in the next assays.

Other characteristics should be taken into account in future application tests: first, the cost of the adsorbent, which could be selected from among many others commercially available and second, the trade-off between the capacity and selectivity. As a consequence of its hydrophobicity, there could be other adsorbents that present better selectivity for the PenG adsorption while taking into account the contaminants presented in the fermentation broth. Otherwise, the capacity has impacts on the process cost and productivity. A compromise may be necessary in order to reach the best industrial configuration. In this case, it is important to consider if the priority is the extractive fermentation or the purification process.

Adsorption Kinetics for XAD-4 {#sec2.3}
-----------------------------

In order to confirm that the adsorption time used to evaluate the adsorbents was sufficiently long for equilibrium to be reached, kinetic adsorption assays were performed using XAD-4, with the PenG concentration in the broth being followed during 1 h, at the two temperatures and the three pH values. The results obtained during the adsorption process are presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} from which it can be clearly seen that equilibrium was reached within 1 h, under all the conditions used.

![PenG adsorption kinetics in XAD-4 using cultivation broth at pH 4.0, 5.0, and 7.0, at (A) 4 and (B) 12 °C.](ao9b04175_0008){#fig1}

At this point, it is pertinent to introduce some discussions about the observed adsorption kinetics. First of all, the decrease of pH leads to an increase of neutral PenG chemical species (p*K* 2.7). As a consequence, the lower the pH, the more efficient should be the hydrophobic adsorption. This behavior can be observed from the kinetic data ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), and it is confirmed in the equilibrium data ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} and [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). For this reason, PenG concentration in the final stages of the process is lower for pH 4 and higher for pH 7. It is interesting to note that the overall rate of adsorption is controlled by the transport phenomena due to the high rate of physical adsorption at the surface.^[@ref45],[@ref46]^ Consequently, the higher adsorption rate is promoted by the higher overall driving force of the diffusion during the process. The increment in the driving force is due to the lower pH while favoring the adsorption step process in the surface.

![Fitting of the Langmuir model to equilibrium data obtained for adsorption of PenG from cultivation broth, in XAD-4 resin, at 4 and 12 °C, pH 4.0 and 7.0.](ao9b04175_0007){#fig2}

The temperature effect is easier to observe with the adsorption isotherms due to the proximity of kinetic data in different temperatures. The adsorption process is generally exothermic.^[@ref45],[@ref46]^ As a consequence, decreasing the system temperature favors the adsorption.

Adsorption Isotherm for XAD-4 {#sec2.4}
-----------------------------

If it is intended to apply an adsorption method to recover a product, it is important to identify the adsorption isotherm model that provides the best representation of the system studied. The isotherm model provides informative data, and its predictive capacity enables the analysis and design of an adsorption process. The adsorption capacity of the resin will depend on the product properties, as well as the effects of temperature, solution pH, and impurities.

The experimental equilibrium data for the adsorption of PenG from the broth onto the XAD-4 were obtained under different conditions (4 and 12 °C, pH 4.0 and 7.0). The data were then fitted using the Langmuir, Freundlich, and linear isotherm models.

[Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} shows the estimated model parameters and the correlation coefficients (*R*^2^) for the Langmuir isotherms. Parameters for the other models tested and other statistical analyses are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04175/suppl_file/ao9b04175_si_001.pdf). The calculated value of *F* for the Langmuir model was the highest among all models and a lot more than the tabulated value, meaning that the regression was statistically significant. Under all the conditions, the highest *R*^2^ value was obtained for the Langmuir model. The fitting of this model to the equilibrium data is presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} for all the conditions tested. The maximum capacity of the XAD-4 for PenG adsorption could then be estimated for each experimental condition (*q*~m~ in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}).

The results shown in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} confirmed the expected positive influence of a lower temperature on the exothermic adsorption process. The pH had less influence in the equilibrium data analysis for the range studied. Taking into account the p*K*~a~ of the acid group, at pH 7, the percentage ratio between the ionic and neutral forms of the molecule is around 99.99/0.01, while at pH 4.0, it changes slightly to approximately 94.79/5.21. The ratio only reaches 50/50 at pH 2.74. Nevertheless, it is surprising that the charge on the other side of the PenG molecule did not prevent its adsorption onto the resin by means of the hydrophobic ring. Considering a PenG concentration of 50 mg mL^--1^ in the medium, at 12 °C and pH 7, the PenG could be recovered using a ratio of resin mass/medium volume below 15%, even in a batch process.

###### Model Parameters and Correlation Coefficients for the Langmuir Isotherm Models Fitted with Equilibrium Data of PenG/XAD-4 Adsorption

           Langmuir model                
  --- ---- ---------------- ------------ --------
  4   4    595.06 ± 51.54   21.7 ± 3.6   0.9942
  7   4    534.68 ± 56.36   18.6 ± 4.1   0.9885
  4   12   439.84 ± 14.82   6.17 ± 0.7   0.9958
  7   12   431.72 ± 11.34   9.19 ± 0.7   0.9981

The medium composition is another important variable whose influence should be investigated since other molecules present in the broth may compete for the resin sites. Therefore, in order to evaluate this influence, as well as to enable comparison with other data reported in the literature, equilibrium data were obtained with PenG dissolved in water. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the fitting of the Langmuir model to the experimental values for the adsorption of PenG from the cultivation broth, while [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} presents the results for adsorption in the absence of contaminants at pH 4.0 and 4 °C. The estimated parameter values were very close to those obtained previously: *q*~m~ = 644.0 ± 57.0 mg PenG/g XAD-4 and *K*~L~ = 20.0 ± 1.9 mg PenG/mL.

![Adsorption isotherm of purified PenG in XAD-4 from solutions in water, at pH 4.0 and 4 °C. The line shows the fitted Langmuir model.](ao9b04175_0006){#fig3}

The proximity between the equilibrium data for PenG adsorption in the presence and absence of broth impurities indicated that the resin was selective for adsorption of PenG, so the adsorption process could be performed directly in the cultivation broth. The maximum capacity obtained here was similar to the values reported elsewhere for the adsorption of Penicillin G by hydrophobic resins.^[@ref16],[@ref17]^ However, the results should not be directly compared because they were obtained under different operational conditions.

Adsorption of PenG by XAD-4 and pH Gradient {#sec2.5}
-------------------------------------------

In the experiments described so far, the adsorption process was studied only at pH 4, during 1 h, and with a relatively low ratio of resin mass/medium volume. However, it is important to study the effect of these variables. The lower the pH, the higher is the ratio between the neutral and ionic forms of the antibiotic, which might improve the adsorption process. On the other hand, this condition might also cause degradation of the molecule, even before completion of 1 h of operation. Faster degradation rates were observed at pH less than 3.0 ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). With the aim of finding another viable operational condition with higher adsorption efficiency, investigation was made of the performance of the process at pH lower than 4. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} presents the results obtained in the first assay in which most of the process was carried out at pH 4.0.

![Concentration of PenG in the supernatant along the adsorption process in XAD-4, at pH 4 and 3.5, 4 °C, and a resin mass (g)/medium volume (mL) ratio of 10%. The percentage values represent the yield of the process at each instant.](ao9b04175_0005){#fig4}

As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, 91% of the PenG had already been adsorbed after only 1 h of the process at pH 4.0, indicative of an absence of degradation (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), with productivity of 0.55 g~PenG~/(g~XAD-4~ h). After 1 h, a low adsorption rate was expected due to the low concentration of PenG in the bulk liquid and consequent proximity to the equilibrium condition. The pH was then decreased to 3.5, which resulted in the adsorption capacity increasing to 0.58 g~PenG~/g~XAD-4~, while the productivity decreased to 0.38 g~PenG~/(g~XAD-4~ h).

With the aim of achieving 99% PenG adsorption, another assay (the second one described in the Methods section) was designed, with adjustment of the pH and the resin mass/medium volume ratio during the process. The adsorption procedure involved five steps. During the process, the resin mass/medium volume ratio was increased from 2.78 to 11.1%, while the pH varied according to a gradient from pH 7 to 3.2 ([Experimental Section](#sec4){ref-type="other"}, [Table [9](#tbl9){ref-type="other"}](#tbl9){ref-type="other"}). The resin was added at each pH change in order not only to increase the total adsorption capacity of the process but also to make the kinetics faster while changing the pH. In order to preserve the PenG integrity, the adsorption time interval at each pH was the longest possible, as shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. As a consequence of the strategy, the adsorption process at low pH took place in shorter time intervals and when the concentration of PenG in solution was relatively low. The goal here was to benefit from the low pH but maintaining the antibiotic integrity. The assay is an illustration of the pH role in the adsorption process. The process approximately emulated the conditions expected when PenG at low concentration in a bulk liquid system reaches a section of the non-saturated adsorbent in a continuous column at lower pH. This adsorption process allowed removal of PenG from the bulk liquid at each stage until 99% yield was reached at the end ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).

![Batch adsorption process of PenG in XAD-4 from a fermentation broth with pH gradient and increasing of the resin mass/medium volume ratio at 4 °C. The percentage values represent the yield of the process at each instant.](ao9b04175_0004){#fig5}

As expected, the use of pH lower than 4.0 increased the adsorption efficiency but could potentially damage the penicillin and might not be necessary. The results ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) showed that it was possible to adsorb 99% of the PenG while preserving the integrity of the molecule. On the other hand, the yield obtained in a simple 45 min batch process at pH 4.0 was impressive when compared to the typical PenG loss in a traditional liquid extraction system where typically between 10 and 15% is lost.^[@ref3]^

The batch column adsorption could enable high productivity and recovery efficiency to be achieved, but the studies required to determine the breakthrough curve, column capacity, and economic feasibility would be better performed under specific industrial operational conditions for PenG production. The results point out that the use of a pH gradient in a column would extend the column operation time and capacity (breakthrough point). The pH could be controlled at 4.0 during the feeding. Alternatively, the column could be operated using a spatial or temporal pH gradient, reaching pH 4.0 or even lower pH at the end of the process. This operation mode might lead to even higher productivity and a longer cycle of operation, maintaining product loss in a tolerable range. In this case, specific studies would be required in order to determine the column parameters and to evaluate product degradation. Nevertheless, it is important to point out that the objective of this work was to establish the technical feasibility of this method for recovering PenG directly from the cultivation medium. Optimization of the adsorption process could be performed under specific operational conditions in the industry where the method is intended to be applied. In the next step, the desorption process was investigated.

Evaluation of the Desorption Process with Ethanol--Water {#sec2.6}
--------------------------------------------------------

In order to optimize the ethanol--water desorption process and obtain a representative yield for evaluation of the technical feasibility of the process, an experimental design was used to investigate the desorption conditions. [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"} shows the experimental conditions and the desorption results obtained.

###### Percentage of PenG Desorbed in Various Conditions for the First Experimental Design

  *T* (°C)   pH       \[EtOH\]   \% desorbed
  ---------- -------- ---------- -------------
  --1        --1      --1        29.62
  +1         --1      --1        34.02
  --1        +1       --1        32.90
  +1         +1       --1        31.09
  --1        --1      +1         64.09
  +1         --1      +1         62.85
  --1        +1       +1         74.39
  +1         +1       +1         75.34
  --1.68     0        0          66.07
  +1.68      0        0          68.97
  0          --1.68   0          65.60
  0          +1.68    0          63.47
  0          0        --1.68     31.45
  0          0        +1.68      79.58
  0          0        0          70.36
  0          0        0          73.15
  0          0        0          70.53
  0          0        0          72.36

The desorption percentage varied from 29.6 to 79.6% during the assays ([Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}). The center point replicates were used to confirm the reproducibility of the method. The data could be described using a second-degree polynomial model, as follows (with coded variables)

The coefficients shown in bold type are statistically significant. The main purpose of the experimental design was to map the effects and find regions with high desorption yield. Nonetheless, further evaluation of the model using analysis of variance (ANOVA) is provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04175/suppl_file/ao9b04175_si_001.pdf). The model satisfactorily represented the process, with a coefficient of determination (*R*^2^) of 0.90. Application of the *F*-test showed significant fitting at the 95% confidence level.

The results were evaluated visually in the form of a response surface plot ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04175/suppl_file/ao9b04175_si_001.pdf)). The screening showed that it was necessary to operate at pH between 5.2 and 6.8, using an ethanol concentration between 65 and 100%. After the screening already described, the process was further investigated using a face-centered central composite design (FCC), with two levels, six replicates at the central point, and axial points. Many center point replicates were obtained in order to ensure reproducibility in the most promising region. The temperature was fixed at 8 °C since it was not statistically significant, and the conditions for the other variables are shown in [Table [6](#tbl6){ref-type="other"}](#tbl6){ref-type="other"}.

###### Conditions for the Second Experimental Design

  variables   --1    0      1
  ----------- ------ ------ -------
  pH          5.2    6.0    6.8
  \[EtOH\]    65.0   82.5   100.0

The percentage of PenG desorbed varied between 74.1 and 97.7% ([Table [7](#tbl7){ref-type="other"}](#tbl7){ref-type="other"}). The ANOVA results are included as [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04175/suppl_file/ao9b04175_si_001.pdf). The *R*^2^ was 0.74 and the *F*-test showed significant fitting at the 95% confidence level. Although the *R*^2^ was lower the replicates at the center point indicated good reproducibility, and their results assured that it is possible to reach more than 90% desorption, estimating the yield as (95.0 ± 1.9)%.

###### Desorbed Percentage for the Second Experimental Design

  pH    \[EtOH\]   \% desorbed
  ----- ---------- -------------
  --1   --1        76.64
  --1   +1         79.29
  0     0          94.93
  0     0          97.74
  0     0          96.25
  0     0          94.48
  0     0          91.93
  0     0          94.56
  0     --1        74.06
  --1   0          74.28
  1     0          80.33
  0     +1         79.34
  +1    --1        78.33
  +1    +1         77.01

The desorption process was influenced by both ethanol concentration and pH and could be described by a second-degree polynomial model, as follows

In order to maximize desorption in the batch process and reach more than 90% yield, it was necessary to maintain the pH between 5.6 and 6.5, with a concentration of ethanol between 75 and 90% ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). This enabled a high degree of antibiotic recovery to be achieved using only one batch desorption. Similar ranges of these parameters would also be recommended for a column process. Finally, the purity of the desorbed penicillin was investigated.

![Contour plot of the second-degree polynomial model for the percentage of desorbed PenG of the second design as a response of pH and ethanol concentration (% mass).](ao9b04175_0001){#fig6}

Separation and Selectivity {#sec2.7}
--------------------------

The selectivity toward PenG purified by hydrophobic adsorption from a complex medium onto XAD-4 followed by desorption with ethanol was assessed using HPLC analysis. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} presents chromatograms obtained before and after the purification process. Peaks 1, 2, and 3 are impurities, while peak 4 corresponds to PenG. There were significant decreases of the impurity peaks after only one adsorption--desorption batch cycle, indicating high selectivity of the hydrophobic adsorption at pH 4 and 4 °C. The Abstract graphic illustrates visually the solution before (broth medium) and after the process.

![Chromatograms before and after a batch purification process (adsorption followed by desorption) from the fermentation broth.](ao9b04175_0003){#fig7}

The area of the PenG peak after the purification process was 85% of the previous one. Peaks 1, 2, and 3 presented 28, 49, and 20% of the areas before the purification process, respectively. The second peak had a lesser reduction. However, if the main purpose is the purification process, then it is possible that less hydrophobic materials could offer a better compromise between selectivity and capacity. An investigation in this scope was not the goal of this work but would be a good topic for future studies in the area.

Conclusions {#sec3}
===========

In terms of capacity, the best hydrophobic adsorbent for PenG adsorption was Amberlite XAD-4. Kinetic and thermodynamic studies of the adsorption of PenG from fermentation broth indicated that lower pH and temperature led to a higher adsorption yield. At pH 4.0 and 4 °C, an adsorption yield of 91% was achieved in 45 min, with no degradation of the antibiotic. The batch assay conducted using a gradient to reach pH lower than 4 indicated that it was possible to achieve 99% adsorption although with some risk of PenG degradation. The best desorption results with ethanol--water were with ethanol concentration between 75 and 90%, at pH between 5.6 and 6.5. More than 90% of the antibiotic could be recovered in only one batch.

The process was selective, which highlights it also as an alternative to purify the product, besides the use in extractive fermentation. Adsorption using a column would certainly lead to high productivity and efficiency. The results indicated that it would be possible to achieve high productivity during the operational cycle while maintaining product loss within a tolerable range. Taken together, the present findings represent advancement toward the development of an alternative and greener process for the recovery of PenG and toward a practical extractive fermentation process.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

Penicillin G potassium was obtained from Prodotti S/A. Amberlite XAD-4, XAD-7, and XAD-761 resins were from Rohm and Haas. Amberlite is a trade name of Rohm and Haas Company (Philadelphia, PA). The common application and chemical structure of these commercial resins are well-known from the literature and established by Rohm and Haas Company.^[@ref30]−[@ref43]^ XAD-4 is a macroreticular cross-linked aromatic polymer. XAD-761 constitutes a cross-linked phenol--formaldehyde polycondensate matrix, while XAD-7 is an acrylic ester resin. XAD-7 and XAD-761 have moderate polarity due to their chemical structure. The physical properties are compiled in [Table [8](#tbl8){ref-type="other"}](#tbl8){ref-type="other"}. Most of them are supplied by the manufacturer (Rohm and Haas Company).^[@ref36]−[@ref42]^

###### Textural Properties of a Typical Sample of the Amberlite Resins

  properties                       XAD-4   XAD-7   XAD-761
  -------------------------------- ------- ------- --------------------------------------
  specific surface area (m^2^/g)   725     450     150--250
  porosity                         0.5     0.5     0.45[a](#t8fn1){ref-type="table-fn"}
  pore mean diameter (nm)          5       9       22.5[a](#t8fn1){ref-type="table-fn"}
  pore volume (mL/g)               0.98    1.14    0.42[a](#t8fn1){ref-type="table-fn"}

Measured by mercury porosimetry by Bautista et al.^[@ref42]^

Other reactants used were of analytical grade and water was double-distilled. *Penicillium chrysogenum* was donated by the Fundação Andre Tosello, located in Campinas (SP, Brazil), that keeps one of the biggest tropical culture collections in the world (cct@[fat.org.br](fat.org.br)). The stock medium was prepared in a tube with 20 g L^--1^ barley extract, 20 g L^--1^ peptone, 1 g L^--1^ glucose, and 20 g L^--1^ agar, following directions from Fundação Andre Tosello. The stock medium was changed every four months.

Fermentation Process {#sec4.2}
--------------------

Inocula from the stock culture were transferred to Erlenmeyer flasks containing 100 mL of medium and maintained for 24 h at 25 °C and 250 rpm agitation. The medium was produced with water (800 mL L^--1^), corn steep liquor (CSL, 28 mL L^--1^), sodium phosphate monobasic (5.2 g L^--1^), (NH~4~)~2~SO~4~ (5.2 g L^--1^), Ca(OH)~2~ (1.2 g L^--1^), CaCO~3~ (0.8 g L^--1^), polypropylene 2000 antifoaming agent (2.6 mL L^--1^), and saccharose (10 g L^--1^). In the next step, the medium was transferred to Erlenmeyer flasks containing fresh fermentation broth followed by addition of 2.56 g L^--1^ potassium phenylacetate (PenG precursor). The fermentation was allowed to proceed for 24 h after which the fermentation broth was filtered and the filtrate was kept at −20 °C for conservation. The medium and procedure cultivation, as well as corn steep liquor, potassium phenylacetate, and penicillin G, were gently provided by Prodotti Farmacêutica Ltda. (Brazil).

HPLC Analysis {#sec4.3}
-------------

Analyses were performed using a Shimadzu LC-10 high-performance liquid chromatography (HPLC) system equipped with a C-18 column (μBondPack, 3.9 × 300 mm). The eluent consisted of 20% acetonitrile, 80% phosphate buffer (10 mmol L^--1^, pH 6.5), and sodium thiosulfate (10 mmol L^--1^). The eluent flow rate was 1 mL min^--1^ and the UV detector wavelength was 254 nm. The method is common for the determination of antibiotic concentration.^[@ref47],[@ref48]^

Penicillin Stability {#sec4.4}
--------------------

Batch assays were performed in unbuffered aqueous solutions. Purified PenG was diluted (3 g L^--1^) in a stirred glass reactor with temperature control. In each case, the pH was adjusted in the range 2--7.0. Samples were collected and diluted (1:1 v/v) in phosphate buffer solution (100 mM, pH 7.0) in order to stabilize the molecule. The PenG concentration was determined by HPLC. The experiments were performed in triplicate.

Treatment of Adsorbents {#sec4.5}
-----------------------

Before use, the XAD resins were treated by triple washing with methanol (2 mL per g), each time for 30 min. The resins were then abundantly washed with distilled water and dried for 24 h at 50 °C under vacuum. Before use, the resin was hydrated with ethanol and washed 10 times with water. The procedure had the purpose to wash out the storage solution. The hydration procedure with ethanol was due to the hydrophobic character of the adsorbents, making the permeation easier.^[@ref43]^

Selection of the Adsorbent (Adsorption Yield) {#sec4.6}
---------------------------------------------

Different adsorbents were evaluated. The pretreated adsorbent (0.25 g) was added to 5 mL of fermentation broth containing 50 g L^--1^ of PenG at 4 °C under agitation, with adjustment of the pH (6.0, 5.0, or 4.0). Samples were collected at the beginning and after 45 min with filtration for determination of the PenG concentration, as described previously. The yield of the process (adsorbed percentage) was calculated using [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}where *C*~0~ is the initial concentration and *C*\* is the concentration in the supernatant after 45 min.

Adsorption Kinetics {#sec4.7}
-------------------

Assays were performed using 0.1 g of pretreated XAD-4 added to 2 mL of fermentation broth. Different pH values (4.0, 5.0, and 7.0) and temperatures (4 and 12 °C) were applied. Broth samples were collected at 0, 2, 4, 6, 10, 20, 30, 45, and 60 min for determination of the PenG concentration.

Adsorption Isotherms {#sec4.8}
--------------------

Different initial concentrations of PenG in solution were used to obtain adsorption equilibrium data for XAD-4 at pH 4.0, 5.0, and 7.0 at two temperatures (4 and 12 °C). The assays employed 0.1 g of the pretreated adsorbent in 2 mL of fermentation broth or aqueous PenG solution. The PenG concentration was determined as described previously. Under equilibrium conditions, the solid concentration could be obtained using the supernatant concentration data as followswhere *q*\* is the equilibrium concentration in the solid phase (mg/g), *C*\* is the equilibrium concentration in the liquid phase (mg/mL), *C*~0~ is the initial concentration in the liquid (mg/mL), *V*~L~ is the adsorption liquid volume (mL), and *w* is the mass of the adsorbent (g). The concentration in the supernatant was determined in samples following filtration. Equilibrium isotherm models (linear, Langmuir, and Freundlich) were fitted using the experimental values of *q*\* and *C*\*. The best fitting was presented for the Langmuir model (as described in results)where *q*~m~ is the resin maximum capacity or saturation concentration (mg/g) and *K*~L~ is the Langmuir parameter that was adjusted (mg/mL). It corresponds to 1/*K*~ad~, and *K*~ad~ is the adsorption constant.

Batch Adsorption with and without a pH Gradient {#sec4.9}
-----------------------------------------------

The pH of the fermentation broth was adjusted to 7.0 in a stirred glass reactor kept at 4 °C. The pH was then adjusted to the desired values using an automatic system (718 STAT Titrino, Metrohm). The PenG concentration was determined as described previously.

### Assay 1 {#sec4.9.1}

The pH of the initial solution (18 mL of fermentation broth containing 50 g L^--1^ of PenG) at pH 7.0 was slowly decreased to pH 4.0. At this point, 1.5 g of XAD-4 was added and the concentration of PenG was monitored during 1 h. The pH was then decreased to 3.5 and the adsorption process was monitored during 30 min.

### Assay 2 {#sec4.9.2}

XAD-4 (0.5 g) was added to 18 mL of fermentation broth containing 50 g L^--1^ PenG at pH 7.0, and the process was monitored during 45 min. After that, the pH was altered step by step, and 0.5 g of the adsorbent was added at each process step until pH 3.5 (step 4). [Table [9](#tbl9){ref-type="other"}](#tbl9){ref-type="other"} shows the assay conditions with pH, solid mass, and monitored time of each step. The pH was decreased for step 5, but no adsorbent was added.

###### PenG Adsorption Assay 2, Operational Conditions, and Throw-Out Time

  step     pH    time (min)   total mass (g)
  -------- ----- ------------ ----------------
  step 1   7.0   45           0.5
  step 2   5.0   45           1.0
  step 3   4.0   45           1.5
  step 4   3.5   30           2.0
  step 5   3.2   30           2.0

Desorption Process {#sec4.10}
------------------

Masses of XAD-4 (0.1 g) with adsorbed PenG were added to 2 mL volumes of solutions of ethanol--water at different proportions. Desorption was performed during 1 h in an incubator under agitation at 250 rpm. The percentage of PenG desorbed was then quantified.

The main goal was to show the feasibility of using ethanol--water in the process. For this, the response surface methodology was used to evaluate the effects of temperature, pH, and ethanol concentration on desorption. A central composite design (2^3^, with axial points and four replicates at the center point) was applied to construct the model. The levels are presented in [Table [10](#tbl10){ref-type="other"}](#tbl10){ref-type="other"}. After that, a new experimental design was applied in order to obtain a short range of variables to be used during the desorption. For the purpose of clarity, the second design will be described in the [Results](#sec2){ref-type="other"} section.

###### Levels for the First Experimental Design to the Analysis of the Desorption Process[a](#t10fn1){ref-type="table-fn"}

  variables      --1.68   --1    0      1      1.68
  -------------- -------- ------ ------ ------ -------
  T (°C)         4.0      5.6    8.0    10.4   12.0
  pH             4.0      4.6    5.5    6.4    7.0
  \[EtOH\] (%)   0.0      20.0   50.0   80.0   100.0

\[EtOH\] is the percentage of ethanol (mass/mass).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.9b04175](https://pubs.acs.org/doi/10.1021/acsomega.9b04175?goto=supporting-info).Linear and Freundlich parameters and ANOVA and surface response for desorption optimization ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04175/suppl_file/ao9b04175_si_001.pdf))
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*C*~0~

:   initial PenG concentration in the liquid phase (mg/mL)

*C*\*

:   final or equilibrium PenG concentration in the liquid phase (mg/mL)

*q*\*

:   concentration of PenG in the solid phase at equilibrium (mg/g)

*V*~L~

:   adsorption liquid volume (mL)

*Y* (%)

:   adsorption yield (in %)

*w*

:   mass of adsorbent (g)

*q*~m~

:   resin maximum capacity or saturation concentration (mg/g)

*K*~L~

:   Langmuir model parameter (mg/mL)

*K*~ad~

:   adsorption constant (Langmuir, mL/ mg)

\[EtOH\]

:   percentage of ethanol (in mass/mass)
